as ingredients in various foods. The exploitation of raspberry in diverse areas of food and health products is rapidly increasing. Raspberry is rich in phenolic compounds such as phenolic acids (ellagic acid and its conjugates, two ellagitannins lambertianin C and sanguiin H-6), flavonoids (flavan-3-ols and their oligomers, quercetin) and anthocyanins (cyanidin-3--sophoroside, cyanidin-3-(2-glucosylrutinoside), cyanidin-3-glucoside, pelargonidin-3-sophoroside, cyanidin-3-rutinoside, pelargonidin-3-(2-glucosylrutinoside), pelargonidin-3-glucoside, pelargonidin-3-rutinoside) [5] [6] [7] [8] . Raspberry has a special significance in Serbia because it represents an important export product, as Serbia is among the leading world countries in raspberry production. In recent years, with average yield of 5-6 t ha -1 , Serbia produced about 80.000 t of raspberry [9] . The Serbian raspberry harvest starts in late June and ends in July, depending on weather condi-tions and locaton of the orchard. After harvesting, due to various internal and external factors, chemical and physical changes may occur in raspberry fruits, which result in deterioration and losses in bioactive compounds. Also, the content of bioactive compounds depends on the preservation process as well as conditions and duration of storage. The scientific studies have shown that water, as the dominant component of foods, provides the critical environmental factor necessary for the ubiquitous biological, biochemical and biophysical processes that degrade foods and ultimately make them unfit for human consumption [10] . Free moisture and enzymatic reactions can also affect biologically active compounds including phenolics [11] . To prevent various adverse influences, drying methods are used to remove water and increase the storage stability of perishable products [12] . Freeze-drying would be the best method of preserving delicate fruits, such as raspberry, with high moisture content and short harvest time [13, 14] . Freezedrying is a dehydration process in which water is removed by sublimation of ice from frozen materials [15, 16] . Due to the absence of liquid water and very low temperature most of deterioration and microbiological activity are stopped and provide high-quality product which maintains initial shape, dimension and appearance such as colour, texture, flavour, taste, biological activity etc. Also, during freeze-drying the enzymes in fruits are inactivated by freezing at low temperature and therefore bioactive compounds are protected from enzymatic degradation. Although freeze--drying is an expensive process, it is the best method of water removal with final products of highest quality that retains a high level of bioactive compounds.
The main objectives of this study were: i) to investigate the main effects of process variables, namely process temperature and time, on the product quality during freeze-drying of raspberries and ii) to determine optimum process conditions for drying raspberries in a freeze-drier. The quality of the final product was evaluated taking into account the total phenol, total anthocyanin, vitamin C content as well as their sum -total bioactive compounds content, in freeze-dried raspberries. Responce surface methodology (RSM) was used for evaluating the experimental data and optimization of the models obtained.
EXPERIMENTAL Chemicals
Methanol, acetic acid and ammonium acetate were obtained from J.T. Baker (Deventer, Holland). Gallic acid, ascorbic acid, metaphosphoric acid and Folin Ciocalteu's reagent were purchased from Sigma Chemicals Co. (St. Louis, MO, USA). Other chemicals and solvents used were of the highest analytical grade.
Plant material
Raspberries (Rubus ideaus, cv. "Meeker") used in the freeze-drying experiments were purchased from Alfa RS (Lipolist, Serbia) in July 2011. Fresh undamaged berries (water content 81.16%) were frozen and stored at -20 °C until use.
Experimental design
RSM was used to investigate the main effects of freeze-drying process variables on the quality parameters of raspberries. The experimental design adopted was a central composite design for two variables at five levels. The two independent variables (freeze-drying conditions) were process temperature (X 1 ) and process time (X 2 ). The coded values of the independent variables were -1.414, -1, 0, 1 and 1.414. The actual values, chosen from the preliminary studies, and the corresponding coded values of two independent variables are given in Table 1 . The complete design consisted of 12 experimental points, which included four replicates of central point. The dependent responses to be determined from the corresponding freeze-drying experiments were the total phenol content (Y 1 ), total anthocyanin content (Y 2 ), vitamin C (Y 3 ) and total bioactive compounds (Y 4 ) content.
Experimental data were fitted to a second order polynomial model and regression coefficients obtained. The generalized second order polynomial model used in the response surface analysis was as follows: Mathematical models were evaluated for each response by means of multiple regression analysis. Significant terms in the model for each response were found by analysis of variance (ANOVA). In the graphical approach, the predictive models were modified and used to create three-dimensional response surfaces within the experimental region. Freeze-drying experiments were executed in a laboratory freeze-drier (model Alpha 2-4 LSC, Martin Christ, Osterode, Germany), under the conditions described above.
Sample extraction
For determination of total phenols in freezedried raspberries, the following extraction procedure was used: 5 g of sample was extracted with a solution of methanol (80%) at room temperature, using a high performance homogenizer (model DIAX 900, Heidolph Instruments GmbH, Kelheim, Germany). The extraction was performed two times with different amounts of 80% methanol: 40 mL in 60 min and 20 mL in 30 min. The total extraction time was 90 min. The obtained extracts were combined and evaporated to dryness under reduced pressure. The same extraction procedure was used for the analysis of total anthocyanins in dried raspberries, with one exception: the extraction solvent (80% methanol) was acidified with acetic acid (0.05%). For the analysis of vitamin C contents in dried raspberries the samples (100 mg) were extracted in 1.5 mL of metaphosphoric acid (3%) acidified with acetic acid (8%) solution for 30 min on ultrasonic bath (model Sonic 12 GT, VIMS elektrik, Tršić, Serbia) and centrifuged during 5 min at 2000 g (model Rotilabo ® -mini-centrifuge, Carl Roth GmbH, Karlsruhe, Germany) at room temperature. The supernatant was filtered through a 0.45 μm nylon membrane (Supelco, Bellefonte, USA) before HPLC analysis.
Measurement of total phenol content
Total phenol contents in dried raspberries obtained in experiments 1-12 (Table 1) were determined spectrophotometrically according to the Folin--Ciocalteu method [17] , callibrating against gallic acid and expressing the results as gallic acid equivalents (GAE) in milligrams per 100 g of dried raspberries.
Measurement of total anthocyanin content
The total anthocyanin contents in dried raspberries obtained in experiments 1-12 (Table 1) were estimated spectrophotometrically using the pH single method according to Lee et al. [18] . Anthocyanins were quantified as cyanidin-3-glucoside equivalents using an extinction coefficient of 26900, in L/(mol cm), and resulting values were expressed in terms of mg cyanidin-3-glucoside equivalents (CyGE) per 100 g of dried raspberries.
Measurement of vitamin C content HPLC analysis of the vitamin C content in dried raspberries obtained in experiments 1-12 (Table 1) was performed according to Tumbas et al. [19] using a Shimadzu Prominence liquid chromatograph (Shimadzu, Tokyo, Japan) connected to UV/Vis detector. Results were expressed as mg vitamin C per 100 g of dried raspberries. 
RESULTS AND DISCUSSION
Nowdays consumers have increasing demands for food with health-promoting qualities. In accordance with the fact that most of fruits need to be processed for safety, quality and economic reasons, the content of bioactive compounds as well as healthpromoting capacity of fruits depends on their processing conditions. Raspberries are very sensitive to chemical and microbial deterioration during post-harvest storage and handling, therefore, they have a rather limited shelf life in a fresh form. For these reasons, smaller quantities of Serbia's raspberry production (∼10%) is used fresh or in processing industry, while the most of it (∼90%) is frozen and exported. Freezing raspberry improves its availability, but some studies have shown that freezing and frozen storage affect the quality and quantity of ellagic acid, flavonol, anthocyanin and vitamin C contents [20] [21] [22] [23] . Freeze-drying of raspberry received particular attention by several researchers and seems to be a good preservation method [13, 14] . In that view optimization is necessary to obtain enough process time to decrease the moisture content at moderate temperatures and reduce the duration of freeze-drying process and consequently the process costs.
Raspberries were freeze-dried under conditins predetermined by the experimental design (Table 1) . Water content in all freeze-dried raspberries was under 10%, as it is recommended for this kind of product [24] . The quality of dried raspberries obtained in 12 experiments was monitored by four responses: total phenols, anthocyanins, vitamin C content and their sum -total bioactive compounds content. The values of total phenols, total anthocyanins and vitamin C in freeze-dried raspberries were in the range: 1218.23-4666.10 mg GAE/100 g, 0.75-404.74 mg CyGE/100 g and 3.42-33.61 mg/100 g, respectively.
The second order polynomial model proposed by Eq. (1) 
In addition to intercept, all equations contain linear terms, some quadratic terms and some interactions of variables. The significance of each coefficient in obtained mathematical models (2), (3) and (4) determined by p-value, is presented in Table 2 . The smaller the p-value the more significant is the corresponding coefficient [25] . Judging from the values presented in Table 2 the most significant variable and also the only variable that significantly (p < 0.05) influences all three responses, appears to be quadratic time variable (X 2 2 ). The term that represents an interaction of the freeze-drying conditions (b 5 ) was the least significant for all three responses, showing no interactive influence of temperature and time during freeze-drying.
Linear terms (b 1 and b 2 ) and quadratic term for temperature (b 3 ) were not significant (p > 0.05) expressing no significant influence on the process regarding phenol, anthocyanin and vitamin C contents in dried raspberries. Generally, in the freeze-drying process, the biggest problem is the time of drying, since the longer time, the higher the energy costs [26] . Erbay et al. [27] reported that during drying not only is the degree of heat intense, but also heat treatment time important. In their study, drying of olive oil leaves optimization revealed that the interaction effect of temperature and time was obtained as significant for phenolic loss.
Analysis of variance for estimated models ( Table 3 ) was employed to evaluate the quality of the models fitted. The ANOVA of the fitted models indicated that the models were significant for all three responses at 95% confidence level. The multiple coefficient of correlation (R ranging from 0.822 to 0.940) and the total determination coefficient (R 2 ranging from 0.676 to 0.884) indicated a good fit to the experimental values of the total phenol, anthocyanin and vitamin C content in dried raspberries.
The response surface and contour plots were generated for each of the fitted models to visualize the combined effects of two factors, process temperature and time, on total phenolics, total anthocyanins and vitamin C content (Figure 1a-c) .
The effect of time and temperature on total phenolic content is presented in Figure 1a . Both parameters had similar quadratic effect on total phenolic content in the freeze-dried product. The effect of these parameters on total anthocyanin content in raspberry after freeze-drying (Figure 1b) was similar, whereas temperature had less pronounced effect on this response. Regarding the vitamin C content in freeze-dried raspberries, freeze-drying time had quadratic effects, while the temperature had almost no effect (Figure 1c ) on the conservation of this bioactive compound.
Asami et al. [28] reported that freeze-drying of "Marion" blackberries has been shown to retain higher per fruit phenolic concentration than hot-air drying. Freeze-drying has also been shown to help preserve anthocyanins and antioxidant capacity of Saskatoon berries due to the minimum heat treatment applied to remove water from fruit tissue [29] . Ratti [15] reported that the minimal color deterioration during freezedrying is an indication of the appropriateness of this process to preserve nutraceutical foods. The deterioration of color is significant not only in the assessing of the visual aspect but also because of the close relationship between antioxidant or vitamin contents and color. Freeze-drying has been shown as a superior method for raspberry drying compared to air-drying and osmotic dehydration estimated by better preserving capabilities of phenolics and antioxidant activity [14] .
On the surfaces generated by quadratic models the critical point can be characterized as maximum, minimum, or saddle. It is possible to calculate the coordinates of the critical point through the first derivate of the mathematical function, which describes the response surface and equates it to zero [30] . The surfaces shown in Figure 1a and b present a maximum point as the critical point, and in Figure 1c there is a plateau in relation to variable temperature, indicating that variation of its levels does not affect the studied system.
Based on the abovementioned method for evaluation of the coordinates of the critical points, i.e., optimum conditions for raspberry freeze-drying, the obtained values for studied variables are shown in Table 4 . Also, the values obtained by analytical procedure were experimentally validated by repeating the process of freeze-drying under presented optimum conditins. The values of observed responses obtained under these conditins are also presented in Table 4 .
Comparing the predicted maximum values of total phenolics, anthocyanins and vitamin C contents and experimental ones (Table 4) , insignificant differences were observed for all three responses (p = 0.391, 0.356 and 0.199, respectively). The optimal values for total phenol and total anthocyanin content in freeze-dried raspberries are higher than the values of these responses in fresh raspberries (2287.69 and 8.55 mg/100 g, respectively). On the other hand, the content of vitamin C in fresh raspberries (40.69 mg/100 g) was determined to be higher than the maximum content in freeze-dried fruits obtained under optimum conditions. From the results of optimization experiments presented in Table 4 it can be seen that the three investigated responses, determined as the main quality parameters, showed similar results. It can be concluded that medium temperature applied (31-32 °C) and process time duration (34.5-36 h) was the most convenient for total phenolics, anthocyanins and vitamin C contents in raspberry after freeze-drying.
Asami et al. [28] reported that fruit cell destruction during freezing and ice sublimation contributes to the increased extraction of anthocyanins, which possibly led to the increase in total phenol and anthocyanin contents in freeze-dried raspberries than in fresh control. Wu et al. [31] demonstrated also that freeze-drying increased total phenolic and anthocyanin content of blackberries. However, some of the samples showed a decrease in total anthocyanin content, explained by recovery of the enzymes in blackberries during drying at the shelf temperature at the 35 °C thus accelerating the degradation of monomeric anythocyanins and reaction with tannins, polysaccharides, and other flavonoids. In the study of Michalczyk et al. [13] lyophilization either slightly lowered the total phenolic and anthocyanin content, or slightly increased it, depending on the species of berry fruit.
De Ancos et al. [22] demonstrated small changes in vitamin C content in four raspberry varieties after freezing and a continuous decrease during long-term frozen storage at -20 °C (up to 56% after 365 days).
Since the investigated responses, i.e., phenolic compounds, anthocyanins and vitamin C, are equally important quality parameters in fruit products, as well as health promoting substances, the overall optimization of the freeze-drying process has been tested also in terms of total amount of these compounds in 
The model (5) was found to be significant (p = = 0.0009) and further statistical analysis of the data indicated that only quadratic term containing time variable (X 2 2 ) in this model, like in the case for the other three models (2), (3) and (4), had a significant effect on all three responses (p = 0.0312). The multiple coefficient of correlation and the total determination coefficient (0.844 and 0.712, respectively) for this response also indicated a good fit to the experimental values of bioactives content in dried raspberries. The response surface, whose coefficients are given in Eq. (5), is shown in Figure 2 .
The response surface has a maximum point. Using the same method as previosly described the coordinates of the maximum point are determined as follows: -31 °C and 35.5 h. Under these conditions the predicted value of total bioactive compounds content in freeze-dried raspberry was 5344.29 mg/100 g, which is in agreement with experimentally obtained content (5489.95 mg/100 g).
In order to find the maximum for all quality parameters (total phenol, anthocyanin and vitamin C contents) combined, a multi-response optimization was used. The optimum conditions for raspberry freezedrying were found to be in the same range as the ones obtained for individual responses: -31 °C and 35 h. The solutions for maximum total phenol, anthocyanin and vitamin C contents were 4887.5, 415.49 and 36.07 mg/100 g, respectively. Freeze-drying of raspberries under reported optimal conditions resulted in high-quality products, with water content of 3.88%, and the average experimental freeze-drying rate was calculated to be 22.95 g/h per kg of raspberry sample. Quality parameters, i.e. total phenolics, anthocyanins and vitamin C contents of the product were: 4912.74, 395.33 and 34.26 mg/100 g, respectively. These results are in agreement (p < 0.05) with the ones obtained by multi-response optimization. Based on the above results, it can be seen that it would be desirable to use moderate process conditions, temperature and time, that will provide higher levels of functional properties of the final product. Finally, using optimization the process efficiency was maximized and the time of the freeze-drying was minimized, which will have a significant impact on operation costs.
CONCLUSION
In the present study, RSM was used to optimize the freeze-drying, recognized as the best technology to make high-quality dried products, for processing raspberries, with special reference to total phenol, anthocyanin and vitamin C content as quality parameters in dried product. For responses obtained after experiments, a polynomial models of the second degree is established to evaluate and quantify the influence of the variables. According to these models, the specified optimum drying conditions were determined to get the highest product quality and the lowest process time and energy consumption to decrease the operation cost. Predicted values for all three responses obtained under optimum conditions correspond well to the experimental ones. The moderate process temperature and time were recognized as optimum conditions for raspberry freeze-drying. It was also observed that freeze-drying showed a positive impact on fruit quality, preserving the valuable bioactive compounds present in fresh fruit.
